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1. INTRODUCTION

1.1 Discussion of the Problem

The problem of radiative heat transfer to the surface of a space
vehicle during entry into a planetary atmosphere has gained in import-
ance with the establishment of national programs for lunar exploration
and missions to the near planets. The entry velocities for some of
these missions will be well above the Earth orbital value and, therefore,
the flow in the stagnation region of a blunt vehicle will reach high pressure
and temperature levels. Such gas can be expected to emit large amounts
of radiant energy with intensities and spectral distributions characteristic
of the chemical species present in the flow. To illustrate the property
levels of interest, we have shown in Fig. 1.1 an altitude-velocity map
for Earth re-entry on which lines of constant blunt body stagnation density,
temperature and ion mole fraction (assuming equilibrium thermochemistry)
are drawn. Two hypothetical vehicle trajectories are also shown. It can

o
be seen that equilibrium stagnation temperatures of more than 14,000 K
and relatively high degree of ionization will be reached for the re-entry
from a Mars mission, At these conditions the heat transfer problem
ceases to be only one of convection across the boundary layer. The radiative
energy emitted by the gas in the shock layer will be absorbed by the surface
of the vehicle adding to the total heat transfer. At sufficiently high entry
velocities this mode of heat transfer will eventually dominate the overall

aerodynamic heating.



In considering the contribution of radiative transport processes to
the heat transfer experienced by an entry vehicle, a distinction is made
between equilibrium radiation originating in the shock-processed gas,
which after passing through the bow wave has relaxed to its state of
thermochemical equilibrium, and the non-equilibrium radiation, which
is emitted from the shock front in which the imparted energy has not been
distributed among the various available degrees of freedom. The relative
contributions of these processes depend mainly on the flight altitude
(ambient gas density) and to a lesser degree on the flight velocity.

The radiance of high temperature air is a result of several complex
physical processes and, although the fundamentals have been studied
theoretically in detail, its prediction depends to a considerable extent
on many approximating assumptions, Therefore, experimental data are
required to evaluate the predictions.

Thermal radiation from entry body flow fields has been investigated
extensively for many years. Early studies were largely concerned with
orbital and sub-orbital Earth entry. With the increased interest in
superorbital entry velocities, many recent theoretical studies and labor-
atory and flight experiments have been concentrated in this regime.
Through a simplified analysis of the radiative recombination atomic
deionization and free-free transition mechanisms, Breene (1) (2) and his

associates predicted that for temperature and density levels associated



with a hypervelocity entrya large fraction of the energy radiated from a
thin layer of gas (a 1 ¢cm layer thickness was generally assumed) would

be at wavelengths below 0.2y, This was further confirmed analytically

by Biberman (3) (4) and his associates who have published theoretical
results for high temperature air that showed the importance of the vacuum
UV spectral region. This work also concluded that the deionization and
free-free (brehmstrahlung) mechanisms were important and also that
atomic lines radiation would be a strong contributor to high temperature
gas radiance over important ranges of temperature, density and gas layer
thickness,

To illustrate this we are showing in Fig., 1.2 two theoretical spectral
distributions of air radiance, one for air at 7000°K and 1 atm (1) and the
other at 14000°K and the same pressure without the contribution of spectral
lines (3). The spectrum at the lower temperature contains mostly emission
from molecular bands in the UV, visible and IR range. Very little emission
is expected below 1800 X due to the limitation of blackbody radiation. At
the higher temperature, however, the free-bound transitions in the vacuum
UV part of the spectrum are very pronounced. Several other contributions
to the theoretical aspects of this problem have been made; for example,

see Refs, 5 - 11,

1.2 Experimental Approach

The study of radiative properties of high temperature gases is confronted

with the problem of producing uniform samples of the gas at approximately



constant temperature and pressure for a sufficient length of time consistent
with the response characteristics of the radiation sensors.

One of the techniques which was found to satisfy these requirements
was the generation of the test gas by a blunt model immersed in the flow
region behind an incident shock wave produced by a sudden expansion of
driver gas in the electrically driven shock tube. The flow in the stagnation
region of such a model is characterized by the enthalpy and density cor-
responding to the incident shock velocity and the initial pressure of the
gas in the driven section of the tube. Consideration of one-dimensional
shock relations determines the direct correspondence to flight conditions.
In the present study a radiation sensor was located inside a model viewing
a well defined volume of uniform gas which extends from the model to the
bow shock,

The measurements in this configuration were based upon the develop-
ment of a system capable of sensing total radiant intensity integrated
over a complete wavelength spectrum including the far UV. A total radiation
cavity gage, used previously in radiation measurements through optical
windows was combined with a windowless, fast-acting shutter concept
resulting in a system capable to measure radiant energy down to the wave-
lengths corresponding to the photo-ionization edge of krypton (see Fig. 1. 2)
used as a buffer gas in the space inside the model between the cavity gage

and the test gas.



1.3 Scope of Investigation

The unique feature of this work is the development and use of the fast
response total radiation cavity gage system which permitted us to measure
radiant intensity from a model shock layer through a non-absorbing optical
path (except for the very short wavelength cut-off of the buffer gas). During
the initial phases of the present study several problems developed in the
readout of the gage signal which were traced to the severe conditions of the
flow around the model., It was found that the partially ionized gas surrounding
the model during the test had tendency to couple with the gage circuit causing
distortion of the signal, This was further complicated by photo-emission of
electrons within the gage which also affected the output signal. Considerable
effort was therefore devoted to eliminate these effects which were success-
fully resolved in the course of the present investigation. Total intensity
data were obtained at initial shock tube pressure P; = 0,33 torr and shock
velocity range corresponding to flight velocities between 32,000 ft/sec and
45,000 ft/sec at relative density of the test gas P / P o= 6x 10-1, The
investigation includes measurements in the windowless configuration as
well as with models equipped with quartz and lithium fluoride windows.

The latter tests were intended to differentiate between the contribution
from various regions of the wavelength spectrum. Proper interpretation
of the experimental data required a considerable amount of analytical
effort, mainly in the prediction of the total radiation as a function of

density and temperature in the range of the experimental conditions,



These results were also used in deriving the implication of strong gas emis-
sion during Earth re-entry. In addition the effect of a large radiant energy
flux emitted by the gas behind the bow shock on the properties of the gas in
the shock layer has been analytically investigated, both for the shock tube

and for a corresponding flight environment.



2. ANALYSIS

Because of the early interest in orbital and sub-orbital re-entry,
considerable attention has been given in the past to the prediction of the
radiance of air and similar gases at relatively long wavelengths - greater
than about 1600 A - and several experimental studies have been made to
evaluate these results. At the temperatures above 8OOOOK and density
2vels of interest in superorbital entry, however, radiation at shorter
wavelengths tends to become a significant part of the total energy emitted
by the gas. This is partially due to the increased number density of
atoms and charged particles which exhibit large absorption cross section
for transitions from ground states. In addition the peak of the blackbody spectral
distribution shifts towards shorter wavelengths allowing larger amounts
of radiant energy emitted in this wavelength region to leave the volume
of the radiating gas plasma. This was indicated in the theoretical results
of Breene and his associates (1); the implications of Breene's predictions
in terms of radiative heat transfer at superorbital flight conditions were
discussed by the present authors in Ref, [2.

In Breene's analysis, the major contributor to air radiance at
A< 1600 }3 is the electron-atomic ion recombination (free-bound) mech-
anism. DBreene's simplified analytical model for this mechanism has
been improved upon in the recent works of Sherman and Kulander (5) and

Hahne (7).



Biberman and his associates have also conducted detailed studies
of radiative heat transfer from air including mechanisms in the vacuum
UV. A recent summary of their work is given in Ref. 3. Unfortunately,
these results are presented quantitatively only in terms of integrated
radiative flux so that the contributions of the different mechanisms to the
total gas radiance can only be approximately deduced. Perhaps the most
significant result of this work is the indication that atomic line radiation -
mostly in the vacuum UV - will account for more than 50% of the total gas
radiance over wide ranges of flow properties and radiating gas thickness of
interest in the re-entry flight. This is shown in Fig. 2.1 where the rela-
tive contribution of lines as indicated by Vorobev et al (4) for a nitrogen
plasma is shown.

2.1 Radiative Transfer

In considering the emission of electromagnetic energy from high
temperature gases one must recognize that in most cases of interest
including the present measurements the gas represents an extended source
which has properties both of emission and absorption. That means that
radiant energy emitted by one portion of the gas may be absorbed by
another and shall never leave the control volume. When all emitted
photons escape from the plasma we call it optically thin. Mathematical
formulations of the radiative transfer under such conditions can be greatly
simplified. Since the radiative properties of most plasmas are strong

functions of frequency we find that in many cases the radiating gas may



be optically thin in certain spectral regions while strongly self-absorbed in
others. It is therefore necessary to account for the spectral dependence
of the emission and absorption when interpreting the observed intensity.
On the assumption of LTE the effective absorption and emission coefficients

at a given pressure and temperature can be related by recalling Kirchoff's

law
€ = xn B (2.1)
v 1% vV
where
Zhl/3 hy -1
= - - 1 2. 2
BU > <exp KT > ( )
c

is the Flanck's function and the effective absorption coefficient,

— hy | «
", = {1 - exp__<- ﬁ)]: (71.1/)i (2.3)

includes the correction for stimulated emission. We can therefore take the
effective absorption coefficient, % , as the primary property defining
the radiative character of the plasma.

The quantity which is observed at a boundary point of the plasma is
the intensity I (; , 89 , v ) giving the power per unit area, per unit solid
angle, in the direction specified by the angle 68 and in the frequency inter-
val  to p +dy . By integrating the intensity with respect to the
given variables we obtain total radiant energy flux, qrs passing across a

unit area of the enclosing surface. This quantity is required for the

evaluation of radiative heating in the case of an entry vehicle. In the following

-9~



section we derive basic relations governing radiative transfer related
particularly to. the geometry of the present experiment and show the
method applied in the interpretation of the experimental results.

For simplicity we can assume an isothermal and isotropic medium
(this assumption is consistent with our experimental conditions). To
calculate the emitted radiation we can consider an elementary volume
dV within the gas which emits energy uniformly in all directions per unit

time
dpe dV dy= 47 x B dV dy (2.4)
v v A\

Here )_(U and hence €, may depend on the coordinates of the
given point. We are also assuming that the radiating gas is enclosed by
perfectly transparent walls., Hence they do not reflect any radiation back
into the gas. The fraction of the energy emitted by dV which would emerge
through a unit area of the surface, S, enclosing the gas in the absence of

self absorption is

ap |z - 7|
1
In this expression n * (rl-;)/ \rl-rl is the projected unit area
onto a plane normal to the ray emanating from the elementary volume,
n is a unit vector normal to the surface, r is the position vector of

the elementary volume dV and T is the position vector of the surface

element dS,

-10-
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SURFACE
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RADIATING VOLUME
ELEMENT 4V

NIO3-663

SKETCH A

In traversing the gas some of the energy is absorbed before it reaches
the boundary S of the gas. The fraction of the transmitted energy through

the distance I;l-;l is exp (- ", (;1 - ;‘ ). Thus the

monochromatic energy emitted by the elementary volume dV and actually

passing through dS is according to Lambert-Beer law

; B n'(r_l-r) .
Lk exp(-xvlrl-rl)dde

from which total energy emitted across unit area of the envelope is

-11-



o - - =
n- (r -r)
| wm | g ewn T Ahava, @
v v ‘-1: T 3 v o1
o v 1
It can be seen that besides depending on the radiative properties, the
radiant energy is also strongly dependent on the geometry of the
radiating gas. It is clear that in order to avoid complicated integral
inversion procedures and to assure the greatest accuracy of the experi-
mental results it is essential to restrict the plasma to the simplest
possible geometrical configuration.
In the present study the use of the shock layer formed ahead of a

blunt model in the flow behind an incident shock wave permits an approxi-

mation of the radiating gas by a semi-infinite parallel layer as shown below.

y
—
7
/ dv
L / ~0
l / r
|
ds
N/I03-66/
SKETCH B

The radiative energy passing through a unit area at the origin from

all directions is obtained from 2.5 by taking Ty o= 0 and substituting

-12-



for the elementary volume
dv =27 r2 sing d§ dr (2.6)

together with

n-+*r

| x|

= cos B

To obtain the required quantity the integration must be carried out over
the limits for r between 0 and <« and for 8 Dbetween 0 and T /2.

The integral can be divided into two parts

where
(1) — _ .
ar - f.[ nqu sin 26 exp (-xur)drdedu (2. 8)
o o0 o
and
o o Tf/z
g 2 =m ff f ; B sin28 exp(—; r)drdey
: L —]'._I.‘_'- vV v v
o cos N (2.9)

which become upon integration

-]

(1) _ - ]
q.. _WIBU [1 -exp()tVL) du‘ (2.10)
o
and
q.r(z'):ﬂ-J. ; B LJ‘u-Z exp(—; L u) du dy (2.11)
3 v vV 1 v

with u=1r/L.

13~



1 . . A
We recognize that qr( ) represents the contribution from the gas within

(2)

the hemispherical volume with a radius L. The second integral, q, )
gives thus the radiant energy emitted by the remaining part of the semi-
infinite layer. It is interesting to examine the limiting cases. In the

case of an optically thin layer typified by %U L <<l ©poth integrands

1 = :'- B . -
in qr( ! and Qr(Z)’ tend to " BU L resulting in
1%
- 2n L j' ; B dy 2.12
ar B, (2.12)
o
When the optical thickness ;U L>1 we have strong self ab-

sorption. The integrand in q, ) tends to zero and the energy passing

through the unit area reduces itself to black-body radiation
B dy = T4
Qe & T y v =0 (2. 13)
o
In any intermediate case

qil)é qp = 2 qrm (2.14)

The equation governing the radiative transfer in the direction normal to

the planes bounding the radiating gas (Sketch B) is obtained from (2.5)

by taking 8 = 0. It results in the expression for intensity
® L
1= ijzv j‘ exp (_;Vr) dr dy (2.15)
o o}

-14-



Integrating with respect to y results in

o]

I- [Bu[l—exp(—;UL)] dy (2. 16

o]

By comparing this expression with eq. (2. 10) we see that the intensity in
the direction normal to the base is equal to q,. /7 . By the nature

of the experimental configuration (collimated field of view), it is this
expression which is used in the interpretation of measured data.

2.2 Total Radiation of Air

The work of Biberman (3) appears to represent one of the more
complete treatise in which all presently known molecular and atomic
processes were included with a considerable attention given to their
spectral dependence. Hence no approximations frequently employed
such as grey gas or optically thin layer were introduced in the formu-
lation of the radiative transfer. The results therefore display the
typical self absorption characteristics at high relative densities and
large gas layer thicknesses. It is instructive therefore to analyze
further these results in order to make them more suitable for general
application.

The computations of Biberman have been presented in the form of
emissivity of a semi-infinite parallel and homogenous gas layers defined

by the expression

< = (2.17)
o T4

-15-



In arriving at the absorption coefficients of the elementary processes
assumption was made of local thermodynamic equilibrium.

In attempting to correlate the given values of € as a function of
pL, where p is the plasma pressure and L is the geometrical thickness
of the gas layer, we found that in a certain range of pressures and temp-
eratures the calculations displayed an anomalous behavior. This can be
seen in Figs., 2.2 and 2. 3 which shows z at T = 12000°K and 14000°K
respectively., The tabulated values indicate that

€ = €
p=10atm, L =1 cm p=1atm, L =10 cm
which occurs neither at lower nor higher pressures. Such behavior has
no obvious physical reason. We have therefore interpolated the data
with the help of a further cross-plot to obtain the level indicated by the
dashed line. Data for T = 17000°K and 20000°K shown in Figs. 2.4 and
2.5 were found to be normal,

The general feature shown in this correlation is that the pressure
and gas layer thickness are not equivalent over most of the pressure range
except at very high pressures where strong self-absorption mitigates the
spectral characteristics of the various radiating systems contributing to
the total spectrum. The effect of pressure change at a constant tempera-
ture is of course not only associated with changes of total particle density

but also with changes of the chemical composition of the gas.

_16-



Since results of Biberman give qr the quantity measured in the

present study can be inferred by recalling that

qr qdr

%
—
A

2m i

as derived in the preceding section. This establishes a range within
~which the intensity, I, will lie,

Allen (11) also performed theoretical calculations of the intensity
normal to a semi-infinite slab using the technique which was employed
in Ref. 6. These calculations include essentially the same radiating
systems which were included in the prediction of Biberman although
the treatment of individual systems may possibly be different. The
results of Refs. 3 and 11 will be used for comparison with the present
experimental data.

Several other theoretical predictions of high temperature air
radiation are presently available but no attempt is made here to discuss
the advantages of one set of calculations over the other.

2.3 Coupling Between Radiative Transfer and Flow

An important characteristic of the vacuum UV radiating mechanisms
is their high absorption coefficient level which causes the predicted vacuum
UV radiation to be strongly self-absorbed in a shock layer at flight con-
ditions of interest while the same layer will be essentially transparent
to radiation at longer wavelengths., This is illustrated in Fig. 2.6 for

o
continuum radiation at T = 14000 K and p = 1 atm, using absorption

17~



coefficients from Ref, 3. Similarly the relative contribution by ultraviolet
lines is strongly influenced by self-absorption. Thus, at a given velocity
and altitude a thin layer may be dominated by the vacuum UV contribution
and a thick layer by the long wavelength radiation. The predicted effects
of self-absorption on radiative heat transfer are shown in Figs. 2.7 and
2.8. In Fig. 2.7 we have presented the total equilibrium radiative heating
predictions of Ref. 3 for a range of RN values and over a range of flight
velocities and altitudes. The predictions of Serbin (13) were used to
determine the shock detachment distance and no correction was made

to account for the curvature of the shock layer. The theoretical data

R 0.6

have been normalized by N

and it is seen that this is a reasonably
good correlation parameter for an important flight regime., For a shock
layer transparent to all wavelengths, the correlation parameter would
be simply RN" Thus, the overall effect on total radiative heating of
self-absorption is reasonably well approximated by assuming that

the radiation is proportioned to RNO° 6 (for this flight regime and the
assumptions of the theoretical results, of course). Note that this result
does not justify assumptions of the type that assign a wavelength averaged
property to the gas (such as absorption coefficient or emissivity) and
uses this property for further analysis; that is, the fact that the ab-
sorption coefficient is a strong function of wavelength must, in general,

be factored into any detailed analysis of radiative transfer through, or

out of, a heated gas region.

-18-



Figure 2.8 allows us to compare the prgdictions of different authors
and assess the importance of absorption on radiative heat transfer for a
hypothetical flight situation. The upper two values were calculated from
the Breene absorption coefficients for the entire wavelength range of
interest., The effect of absorption was included in the second; it reduces
the vacuum UV heating appreciably but has a negligible effect on the long
wavelength contribution. The Biberman predictions, taken from Fig. 2.7,
include the self-absorption effect. It is somewhat more than twice the
Breene-Sherman-Kulander value which does not include line contributions;
therefore, considering the importance of line radiation in the Biberman
results, we can conclude that, at least for this flight situation, there is
an approximate agreement between the Biberman, et al and the Breene-
Sherman-Kulander predictions for those mechanisms considered in the
latter analysis.

In addition to self-absorption, we must consider the fact that the
energy radiated from the shock layer will reduce the total energy level
of the layer and thus cause the radiated energy to be lower than that
calculated on an isoenergetic shock layer assumption. This can be
referred to as the coupling of radiation and convection (14). Results of
analytical studies of this effect have been presented by Goulard (14),
Howe and Viegas (15), Hoshizaki and Wilson (16), Wilson and Hoshizaki
(17) and the results of Refs. 15 and 17 have been compared in Ref. 16,

These theories assumed that the gas was either transparent (14) (16) (17)

-19-



or a grey body (15) (they did not treat the self-absorption characteristics
as a function of wavelength), so that their results must be considered to
be only an approximation of the magnitude of coupling effects. Recently
Hoshizaki and Wilson (18) published a theoretical approach to the radiating
shock layer problem including the effects of coupling with wavelength
dependent absorption and including the effects of viscosity.

The ratio of the uncoupled energy radiated from a heated gas region
to the flow energy flux through that region is often used to indicate con-
ditions at which important coupling effects can be expected. For a thin

shock layer, this ratio can be defined as

qu
u
3
P, U,
2

We have indicated lines of constant I" on Fig. 2.7 for two spherical

body nose radii. It is seen that for bodies in the interesting R._ range,

N
the value of I' can be of the order of 0.1 at velocities below the escape
value. Since this I' value represents a large decrease (25% or more)
in radiative heating according to the theories mentioned above, we can
be concerned that coupling effects might be significant in important flight
situations.

Intuitively, it seems reasonable to expect that the reduction in

radiative heat transfer due to coupling for a blunt body flow will primar-

ilybe a function of I' , at least for the isothermal gas assumption. To

-20-



check this we have conducted a simple analysis for shock layer thickness
range of 1 to 10 cm. First, the Biberman qru values were calculated
for a given flight condition; second, the radiated energy loss was assigned
uniformly across the shock layer (transparency assumption) resulting in
a lower average stagnation region enthalpy; third, a q ro value for the
new effective stagnation conditions was calculated; and fourth, the pro-
cedure was iterated until the convergence of dy, Was achieved. Following
this approximate procedure, it is indeed found that the percentage radiative
heating r:duction apparently is only a function of I'; the result is given
in Fig. 2.9. Also shown in the figure are several results from Refs. 15
and 16 (as given in the latter). The good agreement between these results
and the present analysis fortifies the conclusion that T" 1is the important
variable and suggests that the assumptions used in the three calculation
procedures are equivalent. However, Ref. 14 predicts considerably more
reduction in radiative heating as a function of I" than shown in Fig, 2.9
(e.g., qrc/qru = 0.5 at ' =0.05). Finally, we again emphasize that these
conclusions are not necessarily valid for a gas that has a strong wavelength
dependence of self-absorption. It is unfortunate that data published in
Ref. 18 do not allow us to calculate ql‘c/qru and compare them with other
results in Fig. 2. 9.

An interesting property of the coupling parameter can be seen through
analysis of a hypothetical entry vehicle trajectory. Fig, 2.10 shows the

velocity-altitude trajectory (simple ballistic) of a RN = 1 ft. body that
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enters the atmosphere at 40,000 ft/sec. We have also shown the uncoupled
heating predictions of Biberman and the coupling parameter based on these
predictions. From the shape of these curves, it can been seen that the
peak coupling parameter point precedes the peak uncoupled radiative
heating point by several seconds. This is seen in Fig., 2.11 where I'
and qru are plotted as functions of time. If we now make the assumption,
discussed above, that the percentage reduction in radiative heating at any
point on the trajectory is only a function of T' , we conclude that the
coupling effect will not only reduce the radiative heating but also shift
the maximum heating point (and the centroid of the heating pulse area)
somewhat to later times than indicated by an uncoupled prediction. This
property is illustrated in Fig. 2.1l through plots of the coupled heating,
qrc, as determined from Fig. 2.9 and Ref. 14 again assuming that
ql‘c/qru is only a function of I' . The approximate coupling correction to
the Biberman prediction, based on Ref., 14 was also shown in Fig. 2. 8.
From this brief discussion we conclude that radiative contributions
in the vacuum UV region of the spectra (nominally defined here as 500
to 1600 OA), self-absorption of the shock layer gas, and coupling between
the radiated energy and flow energy are of potential importance in the
study of radiative heating to entry vehicles in superorbital flight regime.
In a sense, the existence of strong vacuum UV radiation promotes the
importance of self-absorption and coupling, since it is radiation at these

wavelengths that has large absorption coefficients, and since the coupling
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parameter at a given velocity-altitude point is proportional to the total

energy radiated away.
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3. EXPERIMENTAL FACILITY AND INSTRUMENTATION

3.1 Facility Description

In the study of radiative properties of high temperature gases one
is confronted with the problem of producing well defined samples of the
gas at appropriate temperature and pressure levels for time durations
compatible with the response characteristics of the radiation sensors.

In the case of model measurements, this must be long enough to allow

the formation of steady flow around the model. The simulation of con-
ditions corresponding to hypervelocity entry has become possible with

the development of the electrically driven shock tube (19) (20). The
facility used in this study is shown in Fig. 3.1. It is essentially a con-
ventional shock tube in which the driver remains isolated from the test
gas present in the low pressure driven section by means of a mental
diaphragm until the heating process of the light gas in the driver - an
electrical discharge of capacitor stored energy - is completed. The
design features and mode of operation have been discussed at length in
Refs., 12 and 21. The driver tube in which the test section is located has
a 6-in. i.d. and is 31.5 ft. long. Two capacitor banks, one rated at
304,000 joules and the other at 764,000 joules are available to supply

the energy. The driver dimensions may be varied in size up to a 3 in.

in diameter and 4-1/2 ft. in length by appropriate liner inserts. Fig. 3.2
is a photograph of the test section portion of the driven tube and shows some

of the instrumentation used with the facility.
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Fig. 3.3 illustrates the instrumentation techniques used to determine
the shock tube performance; also indicated are the techniques used to
measure total gas radiance both behind the incident shock wave and in
the stagnation region of a blunt model immersed in the flow produced by
the passage of the incident shock wave. The present measurements were made
using the flow ahead of blunt models only.

To determine the test flow properties and to assure validity of the
data during each run, several measurements are made. Signals from a
series of Hhotomultipliers located at various stations along the shock tube
are used to measure the incident shock wave velocity as a function of
distance from the diaphragm. From this and the initial shock tube pressure,
the properties of the gas in any particular flow region are determined
using thermochemical equilibrium shock tube calculations., The techniques
used for assessing the quality of the test flow are dependent on observations
(from the sidewall of the shock tube) of the radiant emission from the gas
behind the incident shock wave and from the flow in the stagnation region
of the model. Since the emission is a strong function of temperature, the
Otemporal quality of the flow, in terms of its thermodynamic properties,
and its duration can be deduced from the steadiness of the emitted radiation,
and its spatial quality, from the image converter photographs. Instru-
mentation details and tube performance data are further discussed in
Refs. 12,19,21,22 and 23,

In view of the discussions in the last section, it is interesting to
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consider shock tube performance in terms of flight condition simulation.
This has been done in Fig. 3.4. Shown are sets of incident shock velocity-
initial tube pressure data taken with different size driver tubes (represented
by the nominal driver energy density values). Scales showing flight velocity
and approximate altitude simulation achieved in the blunt model stagnation
region are given on the figure.

The use of a larger capacitor bank (768 kj) allowed us to extend our
operational range of the facility to flight velocity simulation of approximately
60, 000 ft/sec. The capabilities of this arrangement are shown in Fig. 3.5
where driver energy density is presented as a function of shock velocity.
Shown on the figure are experimental points obtained with either energy
bank and several shock tube initial pressure, p). The high velocity
points follow the general trend established at lower shock velocities for
the given initial pressure., On the right hand side of the figure we have
shown the operating range of our facility., The "A" energy bank has avail-
able 304 kj at 40 kv, while the '""B'" energy bank can supply 768 kj at the
same voltage, The energy density in the driver can be adjusted either by
reducing the voltage to which the capacitor bank is charged or by modifying
driver length. It can be seen from Fig. 3.5 that with a length of the driver
equal to 12 inches the ""B" bank is capable of producing shock velocities
in excess of 44,000 ft/sec at a sufficiently high initial pressure necessary
to guarantee a positive duration of the test flow.

In Section 2. 3 we discussed the occurrance of coupling between the
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flow field and radiative energy transfer resulting in a non-adiabatic flow
of the gas in the region of the stagnation point. It was shown that a
parameter I' | defined as the ratio of the radiative flux arrived at by
the adiabatic consideration of the shock layer to the energy convected
across the bow shock wave, gives useful indication of the magnitude of
the coupling. In Fig. 3.6 we show the range of I' which can be re-
produced in the shock tube experiment using a 2-in. diameter blunt model.
To facilitate interpretation of the experimental data we are showing
in Figs. 3.7, 3.8 and 3.9, the stagnation pressure, temperature and
enthalpy taken from Ref. 24 and corresponding to the model configuration
in a shock tube as functions of the incident shock velocity and the initial
driven tube pressure. Conversion to flight velocity simulation is also
given in Fig., 3.9. Multiplication of the shock velocity by a factor of
1. 37 gives the flight velocity corresponding to the same stagnation
enthalpy.

3.2 Total Radiation Cavity Gage

The measurement of total radiative heat flux from a high tempera-
ture gas volume across the surface enclosing it has always been a
difficult problem. Its difficulty is further increased when the lifetime
of the uniform radiation source is of the order of microseconds. Photo-
emissive devices such as photomultipliers and phototubes characterized
by an extremely fast response are sensitive only to radiation over

relatively narrow wavelength ranges. A suitable sensor in this respect
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is a thin film resistance thermometer similar to the ones widely used for
convective heat transfer in shock tubes and shock tunnels (25). Since
such a gage depends on absorption of the radiant energy, a very serious
drawback is the unknown reflectivity of its surface which is a f;lnction of
the surface finish conditions, the wavelength of the incident radiation and
the incident angle. Coating of the thin film thermometer, in most cases
consisting of sputtered platinum, by low reflectivity materials such as
carbon or gold, requires experimental verification of the degree of ab-
sorption at various wavelengths and incidence angles. It can also slow
down the response of the gage beyond its usefulness for the shock tube
application. For this reason we have selected a gage of the shape shown
in Fig. 3.10 so that almost all radiant energy which enters the cavity
can be absorbed by undergoing multiple reflections. Figure 3.11 shows
the photograph of a complete gage. Details of analytical considerations
leading to the given geometry and the mode of operation of the cavity
gage have been given in Ref. 26. The platinum film is sputtered on the
quartz substrate in a conventional way to approximately 1000-1200 Z
thickness., Transmissioﬁ of such a film was measured to be less than
2% in the wavelength range between 0.4 and 0.6 . At shorter wave-
lengths it becomes smaller. Calculations were made also of the delay in
gage response due to the platinum film thickness using the approach given
in Ref. 27. The results are shown in Fig. 3.12 from which we find that

in our case the gage response is within 8% of the true value at 5y s for
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a constant heating rate,

The thin film resistance thermometer, the sensor of the cavity gage,
is operated at essentially a constant current in a circuit shown in Fig. 3.13,
Each lead is connected through a large resistor to a dry cell battery pack
while the signal is fed into a differential amplifier to reject any common
mode noise pick-up.

As we show in Ref. 26 the heat flux to the film can be deduced from

the temperature history of its surface and is given by

f VAT - VETO) o)

(t - )\)3/2

qlt) = WkP'C{rl:(i)— (31)
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The temperature change of the platinum film during the experiment, T (t),

is obtained by measuring the resistance of the film, R (t), as a function of

time. To convert it to temperature we require the value of the thermal

coefficient of resistivity, &« . This is determined by static calibration

in a controlled environment over a range of temperatures encountered

during the radiation measurements.

Thus the temperature change, T (t) is

T(t) = —3§(t)
O
or (3.2)
T(t) = aAiVR
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A computer code has been written which performs the necessary integration
in Eq. (3.1) for a given input of gage voltage history and particular char-
acteristics of the given gage such as a and Ry. A typical oscilloscope
trace of the cavity gage signal is shown in Fig. 3.14. The characteristic
parabolic shape is associated with a constant heat transfer rate to a thin
film thermometer gage.

In Ref. 26 we have also derived the pertinent formula relating the
observed output signal of the gage and the radiative energy flux incident
on the entrance opening.

This is given by

Oft) = Ag q(t) (3. 3)

where Ag is the effective area of the sensing element (platinum thin film),
The corresponding history of the radiative flux is determined by the
reduction of gage output signal as shown in Fig. 3.15.

3.3 Cavity Gage System with Windows

The total radiation‘cavity gage has been used in a shock tube in two
experimental configurations with solid windows separating the gage from
the radiating gas sample. In one, measurements are made of radiation
emitted by the gas processed by the incident shock wave (28). The gage
is located behind a set of collimating slits veiwing only a narrow layer
of gas normal to the axis of the shock tube. Splitter plates have been used

to allow the variation of the optical depths and to eliminate the uncertainty



of effects caused by either absorption or emission in the boundary layer.

In all recent investigations, quartz windows were used to separate the
radiating test gas from the gage. Because of the limit of the temperature
and density which can be obtained with the available input energy into the
driver, the gas radiance at temperatures above 12, 000°K has been measured
using the stagnation point shock layer gas as the gas sample. The arrange-~
ment of the total radiation cavity gage inside a cylindrical flat face model
is shown in Figure 3,16, A circular window, ! mm thick, was mounted in
front of a rectangular slit, 0.1 in. by 0.5 in., flush with the face of the
model. The gage itself is located away from the window with its entrance
slit parallel to the window aperture, viewing only the gas in the shock layer
close to the axis of the model. A similar arrangement of the gage is used
in a hemispherical model.

During initial operation of the gage, evidence of photoemission from
the platinum film was observed (22). During tests in which the gage was
evacuated to a pressure of approximately 3 microns, the photoelectric
effect was strong enough.to produce partial short-circuiting of the gage.

A few runs were made with a glass window under the same flow conditions
with no evidence of the photoelectric effect, indicating that photons with

o
energy corresponding to a wavelength smaller than 3500 A are required
to cause the photoemission. To eliminate this effect, the gage was filled
with pure nitrogen at 1 atm pressure. The presence of the nitrogen gas

reduced the mean free path of the electrons, causing a space charge to



develop close to the surface of the gage within a fraction of a microsecond
from the arrival of the incident shock. This space charge apparently in-
hibited any further electron emission. Nitrogen gas was chosen because
of its large cross-section for collision with electrons.

3.4 Development of Windowless Gage System

As was stated before the main purpose of the present investigations
was the measurement of total thermal emission from air at temperatures
above 12,000°K. Referring to Fig. 1.2 we note that in such a case a
large part of the radiant energy emitted by the plasma will be at wave-
lengths within the vacuum UV region of the spectrum.

Materials normally used for windows in shock tubes, including
quartz, have distinct short wavelength transmission cut-offs, These cut-
off values, as shown in Fig., 1.2, occur at wavelengths longer than much
of the radiation of interest in high temperature gas radiance studies.
Therefore, a measurement system with a windowless capability is sug-
gested.

The use of N2 is satisfactory behind sapphire and quartz windows;
however, for studies of vacuum UV radiation, N»> is not suitable because
of its photoabsorption characteristics (see Fig, 1.2), In this case, the
choice is limited to rare gases, with helium and argon displaying the
most desirable optical properties. (The cut-off for helium, not shown
in Fig. 1.2 occurs at about 190, 000 cm'l). The ability of the buffer

gas to suppress the photoelectric effect was evaluated using a model with
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a LiF window. As a first choice, argon at 2 atm pressure was used. A
cavity gage signal obtained from this run is shown in Fig. 3.17. The
presence of a photoelectric effect which causes the signal to become
negative for the duration of the test flow is evident. The inability of argon
to adequately reduce the electron emission can be explained by referring
to Fig. 3.18 where electron collision cross-sections for several gases
are plotted as a function of electron velocity (29). Although argon and
krypton display cross-sections for electrons greater than nitrogen at
electron energies above 4 ev, both are practically transparent to electrons
with energies in the vicinity of 1 ev. This transparency, known as the
Ramsauer-Townsend effect, is typical of the heavier rare gases. A gas
mixture with equal proportions of Kr, having large cross-sections for
energetic electrons, and He with a reasonable effectiveness for scattering
slow electrons, was tried next in the model. A typical trace of the cavity
gage response with the LiF window model is shown in Fig. 3.19. It can
be seen that the strong photoelectric effect is absent and the signal trace
is typical of a thin film ‘Fhermometer response to an approximately steady
heating pulse.

As previously mentioned, a windowless gage-model system is
required for sensing vacuum UV radiation. Since a gas mixture within
the model is necessary to counteract the photoelectric effect, the problem
arises of how to contain this gas inside the model prior to the arrival of

the incident shock wave and to prevent it from mixing appreciably with
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the test gas. The results obtained earlier indicated that the gas density
inside the model must be considerably higher than the shock tube initial
pressure for an effective restriction of movement of the photoelectrons.

A windowless model as shown in Fig. 3, 20 was therefore developed in
which a stretched latex membrane separates the model gas from the shock
tube. A pulse of current is passed through a 0,002 in. wire located along
the rectangular entrance slit and in contact with the latex membrane as
shown in Fig. 3.21. No combustion of the membrane nor melting of the
wire takes place, but the rapid heating weakens the latex to a point where
it tears under its own internal stress. The process of uncovering the
entrance slit of the model takes approximately 15 yus. Depending on the
gage gas pressure, a delay of about 140 g s between the current pulse and
full opening of the slit was observed. This delay was found to be repeat-
able within 10 g s. By using a delayed trigger signal from an upstream
station, the full opening process can be scheduled to be completed approxi-
mately 10 y s prior to the arrival of the incident shock wave at the model
station. Consideration of the inflow process in the case when the internal
pressure is much lower than the stagnation pressure indicated that it
would be difficult to account properly for the absorption characteristics

of the inflowing gas (unsteady and non-equilibrium expansion process in
the optical path)., If the internal pressure is set equal to the stagnation
pressure this effect will ideally be eliminated; therefore, we have followed

the latter approach in our windowless system.
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At the instant when the latex membrane breaks, the buffer gas issues
through the entrance slit into the stationary gas in the shock tube. Since
the breaking of the membrane occurs approximately 10 pus before the
incident shock arrives at the model, only a small amount of the buffer gas
escapes and its penetration is limited to a few centimeters upstream of
the model, This gas is swept downstream during the first 1-2 g s after
the incident shock arrives at the model (which is usually less than the time
needed to form the quasi-steady blunt body flow). Additional advantage of
being able to time the membrane opening to within about 10 4s of the shock
arrival is that the expansion wave inside the model does not reach the
gage and cause a convective perturbation within the flow test time. As-
suming that the interface between the test gas and the gage gas is station-
ary, the diffusion of the gases across it was estimated to be negligible
during the time corresponding to a typical test gas flow (20-30 4 s).

A similar model with a 1-in. nose radius, shown in Fig. 3. 22, was
also built and used in the present study for two reasons. Firstly, it was
intended to establish experimentally the dependence of the measured
intensity, I, on the gas layer thickness (shock layer thickness for the
hemispherical model is approximately 1/3 that of the cylindrical model)
and secondly, at shock velocities above 33,000 ft/sec the formation of
the blunt model flow for the cylinder consumes too much test time leaving

marginally little time for the response of the gage to the uniform flow.
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4, EXPERIMENTAL PROCEDURES

In this section we shall describe the techniques employed in prep-
aration of the experimental conditions leading to the acquisition of data.
This includes the preparation of the test gas in the shock tube as well as
the steps involved in setting up the model and the radiation gage.

4.1 Test Flow Determination

During the present experimental study stringent precautions were
taken to ensure that the contamination of the test gas was at a minimum.
A thorough cleaning of the tube with methyl alcohol and dry, clean rags
preceded 2-3 hrs. pumping period prior to each test. The tube was
normally evacuated down to approximately 8y and kept at this pressure
to promote outgassing of the walls. A leak check taken at that pressure
indicated normally a rate of 0-0. 8y per minute. The tube was then filled
with the test gas to the pressure level required for the experiment, Bottled
dry air (-75°F dew point) produced by the Matheson Co. was used in the
driven tube. In order to further reduce the contaminants due to outgassing
of the shock tube walls a through-flow system was provided. This allowed
a continuous scavenging of the tube at test pressure level for approximately
30 minutes prior to the actual run. The test gas was introduced through a
cold trap of dry ice and acetone at the diaphragm end of the tube while a
mechanical vacuum pump at the model end produced the through flow. With
the cold trap temperature of -78°C the moisture present in the test gas

was reduced down to 0.005%.
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The through-flow was shut off 2-3 min. prior to the run and the
pressure adjusted to the required level and read by means of a McCleod
gage located at the center of the tube length,

The thermodynamic state of the test flow is determined from the
shock velocity and the initial driven tube pressure. The shock speed is
obtained by observing the lumiinous profile of the shock wave with collimated
photomultipliers as it passes seven stations ahead of the test section at
which the model is located. The time-of-arrival signals from each photo-
sensor arc differentiated and displayed on a raster trace. The arrival of
the shock front at each station can be read with an accuracy of about +0.5 ys
which for example, at 30,000 ft/sec gives shock speed with an accuracy of
better than 1%. In addition ionization gages located at two stations were
also used as a check of shock speed obtained from the passage of the
luminous shock front. Typical shock speed data obtained from the raster
display is shown in Fig. 4,1. Normally a good agreement between these
two methods was observed. The change of shock velocity always gives
an indication, in most cases appearing as attenuation, of a possible
variation of flow properties.

The second important aspect of the flow is the available test time
as determined by the length of the shock processed gas between the
incident shock wave and the passage of the interface region separating
the gas initially in the driven tube and the driver gas. It was found that

the actual test time is much shorter than the prediction calculated on the
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basis of viscous flow but neglecting turbulent mixing caused by the finite
opening time of the diaphragm. Also, it was found that the available test
time can differ from run to run as shown in Figure 4. 2 although the test
conditions are kept the same. Measurements are normally taken during
each experimental run to determine the actual test time. It was shown in
Ref, 30 that such measurements should be based on at least two independent
methods. In the present study we used two techniques.

In the first one the emitted light from the shock heated gas behind
the incident shock wave is observed (30). The arrival of the shock front
is associated withva sudden appearance of strong radiation overshoot which
decays to an equilibrium level within a short time, as the gas relaxes
to the thermochemical equilibrium, and its temperature drops. The uni-
form level of the emitted energy corresponding to the test gas flow follows
until the contact zone arrives at which instant the test time ends. The
emission from the gas is a very strong function of its temperature.
Hence, the steadiness of the test gas emission is a good indication of its
quality.

Using a two-channel photometer the quality and the length of the
test time and the length of :time necessary to establish steady flow around
the model is determined by monitoring the emission from the shock layer
ahead of the stagnation point of the model. This method is necessary
whenever model experiments are performed (30). Representative oscil-

loscope traces of the signals from the red channel photometer (0.5 - 1.9, )
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are shown in Figs, 4.3 and 4.4. The steadiness of shock layer intensity
determines the quality of stagnation region flow. In most cases the blue
signal shows an increase in intensity upon the arrival of the mixed gas
in the contact zone while the red channel indicates a drop in radiation at
its response wavelengths,

An image converter camera was also used, mainly to assess the
quality of the flow by showing the shape of the incident shock wave and
the symmetry of the model flow and to establish the volume of the
radiating gas sample that contributes to the radiant energy sensed by
the cavity gage. This is illustrated in Figs. 4. 3 and 4.4 where photo-
graphs obtained from the windowless model with the camera set for a
0.050 4 s exposure are shown. Each photograph contains three frames
taken 54 s apart. The lower traces in these figures show the camera
monitor and photomultiplier signals. The photomultiplier looks through
a window in the sidewall of the shock tube and is focused just ahead of
the model stagnation point. In Fig. 4.4 the first image converter camera
frame was obtained during the flow formation as indicated by the camera
monitor, The next two frames were taken during the steady flow cor-
responding to an approximately uniform shock layer radiance and constant
stand-off distance. These photographs also indicate that a uniform flow
was achieved within the expected time (with the end of test gas flow clearly
visible), and that the shape of the bow shock wave was not perturbed by

the presence of the windowless slit at the stagnation point of the model,
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4.2 Total Radiation Measurements

All total radiation measurements were made using the cavity gage
described in section 3.2. The arrangement of the gage in the models was
shown in Figs. 3.16 and 3.20. It was found necessary to shield the gage
and the associated leads which are located in the sting in order to eliminate
stray electrical pick-up during plasma flow. All quartz and lithium
fluoride windows, used in the model, were 1-mm thick and Were replaced
for each run. They were also thoroughly cleaned with appropriate solvents
after assembly of the model. Sample checks of the fused silica windows
showed extremely good transmission (80%) down to 1700 12 . Manufacturers
specifications of lithium fluoride windows used in the present study in-
dicated short wavelength cut-off at approximately 1100 .Z .

The windowless model was frequently calibrated to determine the
opening delay of the latex membrane which is the time between the pulse
of the current in the wire and the uncovering of the entrance aperture.

The output of the cavity gage was displayed on the oscilloscopes
and photographed. Next the traces were enlarged and the time history
of the gage resistance read. Representative oscilloscope traces obtained
with the gage behind lithium fluoride and quartz windows are shown in
Fig. 4.5. In both cases the model was filled with 50% Kr-50% He gas
mixture at p = 4 atm.

In the case of the windowless model the pressure inside the model

was set to the level of the stagnation pressure. A 66% Kr-34% He gas
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mixture was used as the buffer gas inside the model. Oscilloscope traces
of the gage signal from the windowless model are shown in Fig. 4. 6.

The interpretation of the measurements depends on relating the
observed energy rate, Q, entering the cavity gage with the dimensions of
the radiating gas volume,

To formulate the required relations we can refer to the schematic
representation of the gage and its position with respect to the radiating

gas which in our case is the shock layer.
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The gage entrance aperture is located in plane A while the field of

view limiting aperture (model entrance slit) is in plane B.
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Let us consider an elementary volume dV located at r=r (x,vy, z)
distance from plane A. The monochromatic energy emitted by this volume

in all directions is

47 x B (4.1)
v 12

of which a fraction Q/4m  will be intercepted in the absence of absorption
by the gage entrance aperture in plane A. Here Q = (r) is the solid
angle extended by the gage aperture. DBecause of self absorption, however,

energy reaching the gage will be reduced to

40 () = x B Q(r) eXp[ -’iu(r-rl)] av (4.2)

This expression must be integrated over the whole radiating volume defined
by the field of view of the gage.

Thus

Q(v) = ", Bv j@(r) exp [-xu (r—rl)] dv (4. 3)
v

For a collimated beam as is the case in the present configuration of the
gage we can assume r = Y.

At each y position we can also define an average solid angle by

ffose o
ffos

Q (y) = (4. 4)
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We have calculated the product of the average solid angle  (y) and
the area, AXZfor the geometry used in the present experiments and found

that it is almost constant along the y axis and can be replaced by its

average value Q AXZ . Hence Eq. (4. 3) can be simplified to give
)
Q)= x B QA f eXp[—x (y-y ):Idy (4. 5)
v v XZ 1% 1
4!

from which

Q=0A s‘B il-exp[-; L];du (4. 6)

XZ v (4

[¢]

with y, -y} = L. In Eq. (4. 6) we recognize the integral to be equal to
radiant intensity, I as was given in Eq. (2. 28).
vV

Therefore

I-= _—i* (4.7)

QA
X7

Thus the intensity, I, can be obtained from the given Q, which follows

from the reduced gage signal and the gage geometry as outlined in section 3. 2,
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5, DISCUSSION OF RESULTS

Data obtained from the shock tube blunt model test flow using the
window and windowless cavity gage measurement techniques described
in the last section are shown in Figs. 5.1 and 5.2, In Fig. 5.1 we have
compared data obtained with quartz and LiF windows. The theoretical
predictions of Breene ( A> 0,164 ), which include free-free, free-bound
and molecular band radiation, and results of Allen ( A> 0. 204) which also
include bound-bound radiation, are shown.

Compared in Fig. 5.2 are experimental results obtained with quartz
windows and with the windowless configuration (with He-Kr mixture as
the buffer gas). Models used, as indicated by different symbols, were
the 1.5 in. -diameter flat face model and the Ry = l-in. hemispherical
model., Theoretical results of Allen (A > 0.24 and all A) and the results of
interpretation of Biberman flux calculations for the shock tube conditions
assuming a 1 cm stand-off distance are also shown. The latter one is
represented by the cross-hatched band for reasons explained in Section 2. 2.
The data in Figs. 5.1 and 5. 2 have been referenced to a 1 ¢m thick shock
layer value from the shock stand-off distance measurements of 0,28 cm
for the hemispherical model and 0. 76 cm for the flat faced model to allow
the results to be more easily compared. A theoretical correction of -9%
due to self-absorption - is required by the windowless data to account
for this adjustment, The indicated corrections to the window data are

negligible because of low self-absorption atA> 0.24 . A theoretical
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correction of +10% in the windowless data to account for the short wavelength
radiation cut-off by Kr in the model nullifies essentially the correction for
self-absorption. Finally, a conservative estimate of self-absorption in the
stagnation region boundary layer was made at the velocity level of the
windowless tests and at a potentially severe absorption density level. An
avparent reduction in intensity of 8% was indicated for these conditions;
however, no correction for this effect has been made in the data.

First, in Fig. 5.2 it is seen that the windowless data are considerably
higher thun those from the window models. The data show a large contri-
bution to the radiant intensity between the short wavelength cut-offs of
quartz and of Kr. Second, the quartz data are in a good agreement with
Allen predictions for A> 0.24 . Although the quartz windows had a short
wavelength cut-off (calibration of several samples of those used in our tests
showed 80% transmission at 0. 174 ) below the range of the theoretical
calculations, the contribution to intensity between 0.17y and 0.2y is
not considered to be significant. Breene's predictions which extend down
to ) = 0.16y but do not include line radiation lie on the low side of the
experimental data suggesting that the line radiation in the visible and
infrared is 20% to the total intensity in this spectral range. This is
further confirmed by Nerem (31) who has compared the experimental
equilibrium intensity results for air of several investigators (32) (33) (34)
taken with solid windows with cut-off levels to as low as 0.174 . He has

found a reasonably good agreement between these results including his data
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and the long wavelength predictions of Breene. Third, the windowless
data lie in the range of the Biberman, et al predictions. Fourth, the
agreement between the quartz data for the different shock stand-off dis-
tance indicates that there is a negligible self-absorption effect at long
wavelengths (as expected). More importantly, since the normalized data
(to 1 cm gas layer thickness) for the small standoff distance should be
larger than those for the larger value if strong coupling effects were
present, these results imply that the effect of coupling is small for the
present test conditions ( I'is of the order of 0.1 for the flat faced body).
Of course, an effect of the order predicted in Fig. 2.9 could be hidden
within the scatter of the data in Fig. 5.2. Therefore, conclusions on the
importance of coupling in a radiating flow based on the present data must
be considered to be preliminary.

In Fig. 5.1, the quartz and lithium fluoride data comparison sug-
gests a higher intensity level in the latter case. However, we have
found LiF to be a difficult material to work with; the quality and, possibly,
the cut-off wavelength can vary from sample to sample. Examination of
the windows after test runs revealed that they were crazed. This problem
is of particular importance, since we have not determined if the crazing
occurs during the test timme. Therefore, we believe that a definite con-
clusion cannot now be drawn from our data concerning the magnitude of
the contribution to the intensity (mostly UV lines) in the region between

the (potentially available) 0.11y short wavelength cut-off usually quoted
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for LiF and that for quartz. Present results contradict conclusion drawn
by Nerem (31) who, on the basis of several data obtained with Lif windows,
inferred that there is no substantial contribution to the total radiation

due to emission in the wavelength region of 0.12 to 0. 174 .
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6. SUMMARY OF RESULTS AND CONCLUSIONS

Results have been presented from a study of high temperature air
radiance over range of equilibrium gas properties of interest to super-
orbital re-entry vehicles; the following points are of interest: 1) radiation
in the vacuum UV region of the spectrum (defined here to be X <1600 Z )
can be expected to be important; 2) because of the large cross section of
the radiative mechanisms in the vacuum UV, self-absorption in a radiating
gas layer must be included in the analysis of energy fluxes through such
a layer with a proper regard for the wavelength dependence of the absorption
coefficient; 3) coupling between the radiative and convective energy fluxes
may significantly reduce the total radiative heat transfer in comparison
to that calculated for an isoenergetic layer; however, the prediction of
such an effect is complicated by the wavelength dependent self-absorption
property of the gas; 4) analysis of total radiation predictions of Biberman
et al indicate a discrepancy which was corrected by correlating the given
data according to the product of pressure and gas layer thickness, pL;

5) a body scale parameter, RNO' 6, has been found to approximately
correlate the uncoupled radiative flux of Biberman; the difference between
this dependence and that for a simple transparent shock layer gas, R_,
indicates the integrated influence of self-absorption in the shock layer;

7) the predictions of Biberman result in relatively high values of the

coupling parameter (I' = 0.1) for body dimensions of interest at velocities

of the order at the Earth escape value; and 8) for a simple type of entry
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vehicle, TI' will maximize before the peak uncoupled heating point with
the probable result not only in a reduction of radiative heating but also
in a shift of the maximum radiative heating point to later times in the
trajectory.

A shock tube experimental study has been conducted to investigate
several of the total radiative properties of air. It has been shown that an

electrically driven "

conventional' shock tube is capable of producing useful
model stagnation region test flows to the 60, 000 ft/sec flight velocity
simulatior. level, At such conditions, the I' values for models of practi-
cal size are far in excess of 0.1, and therefore, important combined
effects of self-absorption and coupling might be expected. A fast response
total radiance measurement technique that employs a thin film cavity
sensing element has been developed and used in the study. The cavity
gage has been combined with blunt models that permit the sensing of
energy radiated from the shock layer with and without solid windows in
the optical path. In its windowless configuration, the measurement
system as presently developed has a short A cut-off of approximately
880 Z . According to the available predictions, this permits the measure-
ment of almost all radiation energy at the conditions of interest.
Experimental intensity data, obtained in the range of a simulated
flight velocity between 38, 000 and 49, 000 ft/sec, show that there is a

significant contribution to intensity in the vacuum UV portion of the

spectrum. The windowless data tend to agree with the available total
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radiance predictions that include spectral line contributions. Long wave-
length data obtained with quartz windows are in fairly good agreement
with the predictions of Allen for the corresponding wavelength regime.
Also, there is an indication of a contribution to intensity in the wavelength
region between the quartz and LiF cut-off values. A preliminary assess-
ment of the coupling effect for the range of conditions studied suggests
that it is hidden within the scatter of the present data.

The effects of the boundary layer have not been included in the
present study except for the estimation of its importance in the absorption
of energy radiated from the shock layer for a specific test condition. The
boundary layer is of concern in flight situations not only because of this
“effect, but also because absorbed radiation will influence the boundary
layer properties and, therefore, modify the convective heat transfer.
This could be of particular importance for an ablating body where relatively
complex molecules may exist near the surface of the body. A semi-
empirical treatment of this problem, applied to the determination of the
performance of ablation materials subjected to combined radiative and

convective heating in superorbital flight, is given in Ref. 35,
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Figure 2.2 - Emissivity of air as a function of pressure and gas layer thickness
at T = 12,000°K.
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Figure 2.3 - Emissivity of air as a function of pressure and gas layer thickness
at T = 14, 000°K,
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Figure 2.4 - Emissivity of air as a function of pressure and gas
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Figure 2.5 - Emissivity of air as a function of pressure and gas layer thickness
at T = 20, 000°K.
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Figure 2.6 - The effect of gas thickness on the spectral intensity of continuum

radiation in air. Data taken from Ref. 3 with indicated location of

atomic lines.
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Figure 2.7 - Correlation of the Biberman, et al predictions of uncoupled stag-
nation point radiative heating for a range of body nose radii.
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Figure 2.8 - Comparison of the radiative heating predictions of several investi-
gators indicating the effects of self-absorption and coupling.
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Figure 2.10 - Re-entry vehicle trajectory showing positions of peak uncoupled

stagnation point radiative heating and peak coupling parameter
(Biberman et al predictions).
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radiative heating, as predicted by three approximate analyses,

are shown,
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a shock tube flow.
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Figure 3.8 - Blunt model stagnation temperature as a function of shock velocity
in a shock tube flow.
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THIN PLATINUM FILM

QUARTZ

Figure 3.10 - Geometry of the cavity gage.

ENTRANCE
SLIT

Figure 3.11 - Total radiation cavity gage.
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TEMP SENSING PLATINUM
FILM IN THE CAVITY GAGE

Figure 3.13 - Schematic of the gage electric circuit,
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T ~ | v

SHOCK WAVE
ARRIVAL

CRO

Ni103-295

Figure 3,14 - Typical oscilloscope trace of a cavity gage signal,
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SHOCK WAVE

P,=0.33mm Hg Ug=31000 ft/sec.

CAVITY GAGE WITH LiF WINDOW

MODEL GAS A AT 2ATM PRESSURE

Figure 3.17 - Oscilloscope traces of cavity gage response with LiF window shows
strong photoelectric effect when model filled with argon.
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Figure 3.18 - Total collision cross-sections of several gases for electrons with
various energies.
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TIME '—» ARRIVAL OF ~—J L— SHsec.

SHOCK WAVE
P, =0.33mm Hg Ug = 30500 ft/sec

CAVITY GAGE WITH LiF WINDOW

MODEL GAS 50 %He - 50 % Kr
PRESSURE 3 ATM

Figure 3.19 - Oscilloscope trace of cavity gage response with LiF window. Model
filled with 50% Kr-50% He gas mixture.
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Figure 3.20 - Windowless cavity gage - model system.

TUNGSTEN WIRE
TRIGGER

Figure 3. 21 - Photograph of the cylindrical, windowless model. Arrow indicates
the wire used for rupturing latex membrane.
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FLOW MODEL

FRAME 1
to + 8.0/4,Lsec.
FRAME 2
+ 13/,Asec.
FRAME 3 + 23/(sec.
FRAME 123

S/Asec.

SHOCK WAVE
ARRIVAL

GONTACT ZONE

Figure 4. 3 - Image converter camera photographs of stagnation region shock
layer on a hemispherical model. Lower photograph shows signal
from camera monitor and response of photomultiplier viewing
stagnation region flow from sidewall, The incident shock velocity
and initial tube pressure were 28,500 ft /sec and 0. 33 torr re-

spectively,
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FLOW MODEL

FRAME | + 3.5 Fsec.
FRAME 2 | + 8.5K sec
FRAME 3 + 3.5 sec

TIME L— ]
5 Hsec

SHOCK WAVE

ARRIVAL o NTACT ZONE

Figure 4.4 - Image converter camera photographs of stagnation region shock
layer of a cylindrical model taken from sidewall. Lower photo-
graph shows signal from camera monitor and response of photo-
multiplier viewing stagnation region flow from sidewall. The
incident shock velocity and initial tube pressure were 28,500 ft/sec

and 0. 33 torr respectively.
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QUARTZ WINDOW

End of Test

1 —.-15 ’LSL—-
Arrival of
Shock Wave
P1 = 0. 33 mm Hg u_ = 31, 600 ft/sec

LiF WINDOW
t End of Test

Arrival of
Shock Wave

Pl = 0,33 mm Hg U = 29,000 ft/sec
s

Figure 4.5 - Oscilloscope traces of cavity gage response with quartz and LiF
windows.
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STAGATION TEMPERATURE Tg x107> °K
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Figure 5.1 - Comparison of experimental data for quartz and lithium fluoride
windows,
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STAGNATION TEMPERATURE-TSXIO_s, °K
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Figure 5.2 - Comparison of experiment and theory for window and windowless
gage -model configurations.
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